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Introduction

Contextualization

Combustion modeling theory is an area of science that focuses on
developing mathematical and computational models to describe and
predict combustion processes, which occur when a fuel reacts with
an oxidant, usually oxygen in the air. In this research, thermodynamic
concepts, kinetic models and fluid mechanics models are applied to
model an ideal combustion process in a combustion chamber of a jet
engine in order predict the temperature variations in the combustor
caused by the injection of hot gases into the chamber and by combustion.

Objectives

e Demonstrate the application of mathematical models based
on physics and chemistry in combustion;

*  Use mathematical models to describe the ideal combustion process
in a combustion chamber of a reaction engine (jet engine).

Methodology
Extensive bibliography review and development of mathematical
models.

Main Notation: T, Y}, Yo, e w;

Preliminary Concepts: Combustion

General Combustion Equation: Combustion is a chemical
reaction between a fuel and an oxidant, producing products,
usually carbon dioxide CO, and water H,O.

The general equation can be written as:
Fuel + Oxidant — Products (1)
The fuels of interest include hydrocarbons CH, such as:

=  Gasoline = Cng5

= Kerosene = C, oH,,

Using a hidrocarbon as the Fuel we obtain:
CH?H’_’/ + (:L' + %)02 — 2CO9 + %H2O (2)

Preliminary Concepts: Reaction Rate

Combustion can be Lean- excess oxidant, Stoichiometric - ideal
amount of fuel and oxidant or Rich- excess fuel, depending on the
equivalence ratio

()
— Mfu /) est

M fy
tobe ® <1, ®d =1 or ®>= [, respectively.

Reaction Rate (Law of Mass Action)

The fuel and oxygen consumption rates can be expressed as:

d[Cchy]

dt

_ d[09]
WO = T

= —k(D)[CaH,|"[0o]"  (42)

"‘:]fuel =

=~V K(D)[C " [Oo]" 41

Preliminary Concepts: Conservation Equations
The reaction rate constant, k, follows the Arrhenius model and
varies with temperature according to:

k(T) = Aexp (;f;)

Where:

A = pre-exponential factor;
Ea = activation energy;

Ru = universal gas constant;
T = absolute temperature.

Conservation Equations
These equations are fundamental for combustion modeling:

Mass: % +V-(pv)=0 %)

Preliminary Concepts: Heat Transfer

oT
Bnergy: pey (G +v-VT) =V (91)+Q O

J Phy Math & its Appli, 2026

Volume 4(1): 1-6



Citation: Gerson ] Timbe, Elena VM Alves, Manuel ] Alves (2026) Mathematical Modeling Applied to Combustion Processes: Advances in the Theory of Combustion

Modeling. SRC/JPMA-178. DOI: doi.org/10.47363/JPMA/2026(4)148

where Q is the Heat Source term due to chemical reactions:

CZ)fuel

Alycomb
Mfuel

Q:_

9(pY3) +V - (pvY;) = V- (pD;VY;) + Mw; ™)

Species:
pecies 5

where Y; represents the mass fraction of specie i.

Heat Transfer
Heat exchange with the surroundings follows Newton’s Law of
Cooling that states

7]?87 = h[Tsurface - Too]

Preliminary Concepts: Numerical Method
Mass Flow Rate
The fuel and oxidant flow rate into the combustion chamber is
modeled by
oV s ©)

oz |, B pulL,

Numerical Method: Finite Difference Method (FDM)

%_ ¢?+1_¢?

ot At
Po 1o, —200 +or gt =20 4 o
dx? 2 (Az)? (Az)?
06 _ LM — o1 | i =01
ox 2 2Ax 2Ax

Combustion in Reaction Engines
Principle of Operation of a Reaction Engine (Jet Engine)

AIR INTAKE COMPRESSION COMBUSTION EXHAUST

LU

\‘l‘

Figure: Principle of Operation of the Reaction Engine

Modeling. Numerical Approach
Mass Conservation inside the Chamber:

o

or oy (10)

The Model. Numerical Approach
Equation solved by creating a velocity field v = (u, v) with

u=u(x,y) e v=1y(x, y) that satisfies it:
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Figure: Prescribed Velocity Field

Thermal Energy Variation in the Chamber

oT 4 oT N oT 82T " 0T N AHeomp \ .
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an

The Model. Numerical Approach
Ignition Model:

o 2 — . 2
=0 =1 7 =500 110

o2

where 70 = 320K(47°C) is the initial temperature in the chamber.

Applying the MDF to the energy equation, we obtain the system

) nt+l _ qp n+1 ntl oo gmtl  qp . gmtl
= Smyi T = Sty T + T35 = Smai T30 = Sba T)50, =

Smy; T+ Sy T ; + VT + Sma jT7 4 + Sbri j Ty + 6

@A‘Tn#»l:M'Tn‘FQ
SA- T =B

The Model. Numerical Approach
Variation of Chemical Species in the Chamber

Fuel: (11)
anu(il 6qucl 8qurzl 62 qucl 82 qu(il ]\/[fucl .
=D :
ot ' or v Ay Ox? * Oy? * P Wuel
Oxygen: (12)
Yo, 0Yp, 0Yo, 0*Yp, 0o, \ Mo, [ mar .
=D — | — [
o1 +u oz +v ay 92 + Bg? + P Mru estwfuel

Similarly, applying the MDF, we obtain

Ap Y = Mg YY

Ao Y5 =Mo - YY

Simulation Domain: Combustion Chamber

Ideal Combustion Chamber:

* Air-fuel mixture
@ Ignition point

Air-fuel mixture

Inlet

Ly

Figure: Ideal Combustion Chamber. Air and Fuel Inlet
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Chamber Dimensions: 0, 6x0, 3(m?)

Simulation Domain: Numerical Meshes

Results: Simulation 1 (Mesh - 1, V"= const)
II: Ignition, Air-Fuel Mixture Consumption, and Temperature
Variation:

Co Mesh 70 x 35
o T T T I :t:
Figure: Mesh - 1 = 1
00
00 =
-
Ci Mesh 100 x 50
0
Figure: Mesh - 2 _ %
c i
(more refined)
0
F
<

Results: Simulation 1 (Mesh - 1, V = const)
I: Injection of the Air-Fuel Mixture and Temperature Variation
before Ignition:

Time step: 0
800K 10
700 0.8

Temperature distribution Air-fuel mixture distribution
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Results: Simulation 1 (Meshl - 1, V' = const)
III: Variation of the Air-Fuel Mixture in the Combustor along
y= Ly/2 before and After Ignition:

Misture Evolution (t=30,60,90) Mixture Evolution {t=95,100,110,120,140)
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x position of the chamber (m)

IV: Average Variation of Temperature, Oxidizer, and Fuel in
the Combustor over Time:

Average Variation Average Fuel and Oxidant Variation
— Average Temperature || o 3o [ —— Fuel
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1200 —+— Mixture in the ignition region
35 === Ignition point
1000 <
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Results: Simulation 2 (Mesh - 2, V' = const)
I: Injection of the Air-Fuel Mixture and Temperature Variation
before Ignition:

Time step: 186
800 10
700 08
030 030
600 06
500 04
0.00 0.00
. 00 06
400 02
300 0.0

I1. Ignition, Fuel-Air Mixture Consumption, and Temperature
Variation:

Time step: 187
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1 T 06
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Results: Simulation 2 (Mesh - 2, V = const)
II1: Variation of the Air-Fuel Mixture in the Combustor along
y = L,/2 before and after Ignition:

Mixture Evolution (t=65,125,187) Mixture Evolution (t=225, 227,228, 230,240)
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Results: Simulation 2 (Mesh - 2, V = const) Results: Simulation 3 (Mesh - 1, V= (u, v)(x,y))
IV: Average Variation of Temperature, Oxidizer, and Fuel in II: Injection of the Air-Fuel Mixture and Variation of

the Combustor Over Time: Temperature before Ignition:
IV. Average variation of Temperature, Oxidizer, and Fuel in T'”:;::epi 326 .
the combustor over time: 07
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Results: Simulation 3 (Mesh - 1, V= (u, v)(x,y))
I: Injection of the Air-Fuel Mixture and Variation of
Temperature before Ignition: o0
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Results: Simulation 3 (Mesh - 1, V' = (u, v)(x,y))
III: Variation of the Air-Fuel Mixture in the Combustor along
y =L,/2 before and After Ignition:

(t=100,200,325) Mixture Evolution : (t=327, 330,340,350,400)
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IV: Average Variation of Temperature, Oxidizer, and Fuel in
the combustor over time:

100

1000

Temperature (K)
g 8 3

H

g

Average Temperature Variation Average Fuel and Oxidant Variation

— Fuel

— Oxidant (oxygen)
—+ Mixture in the ignition regioh
025 ==+ Ignition point

— Temperature

Average Mass Fraction

200 400 600 800 1000 1200 1400 100 200 300 00 500 600 700

Time (step)

Conclusion

Mathematical models serve as a bridge of connection between
Problem—Solution in combustion field;

The maximum temperature in the combustion chamber was
around 3000K, which is about 500K higher than what has
been predicted in combustion literature;

The non-constant velocity field predicted results more aligned
with the reality of combustion in jet engines according to the
literature;

There is a need to consider more detailed chemical mechanisms
and refined physical parameters for more accurate results.

Future Work

The computational cost of the Crank-Nicolson numerical
method(version of the MDF used) is high. There is a need
for more powerful computers to run the codes from more
sophisticated models;

There is a need to use more advanced numerical methods to
simulate a chamber closer to the real one;

There is a need for more powerful softwares (CFDs -
ComputationalFluid Dynamics) for combustion studies.
Python was used in this research.
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